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Secreted Wnt proteins play essential roles in many
biological processes during development and dis-
eases. However, little is known about the mecha-
nism(s) controlling Wnt secretion. Recent studies
have identified Wntless (Wls) and the retromer com-
plex as essential components involved inWnt signal-
ing.WhileWls has been shown to be essential forWnt
secretion, the function(s) of the retromer complex in
Wnt signaling is unknown. Here, we have examined
a role of Vps35, an essential retromer subunit, in
Wnt signaling in Drosophila and mammalian cells.
We provide compelling evidence that the retromer
complex is required for Wnt secretion. Importantly,
Vps35 colocalizes in endosomes and interacts with
Wls. Wls becomes unstable in the absence of retro-
mer activity. Our findings link Wls and retromer func-
tions in the same conserved Wnt secretion pathway.
We propose that retromer influences Wnt secretion
by recycling Wntless from endosomes to the trans-
Golgi network (TGN).
INTRODUCTION
The Wnt signaling molecules are evolutionarily conserved glyco-
proteins that play profound roles in embryonic development and
in adult homeostasis (Clevers, 2006; Logan and Nusse, 2004).
Abnormal Wnt signaling is associated with many human dis-
eases (Clevers, 2006; Polakis, 2007). Over the past two decades,
studies in a variety of model systems such as Drosophila have
identified many essential components required for the reception
of Wnt signaling. However, we know very little about mecha-
nisms by which Wnt processing and secretion are regulated.
Wnt proteins can act as morphogens that form concentration
gradients to activate the expression of various Wnt-target genes
during development (Gurdon and Bourillot, 2001; Logan and
Nusse, 2004). In Drosophila, it is well illustrated that Wingless
(Wg), a founding member of the Wnt family, acts as a morphogen120 Developmental Cell 14, 120–131, January 2008 ª2008 Elsevier Iduring wing development (Neumann and Cohen, 1997; Zecca
et al., 1996). The vertebrate Wnts can also act as morphogens
during development of the embryonic neural tube (Kiecker and
Niehrs, 2001) and the crypts of villi in the colon (Sancho et al.,
2004). Understanding the mechanisms of Wnt processing and
secretion is therefore critical to further elucidate the morphogen-
tic action of Wnt proteins. Wnt proteins are dually lipid-modified
(Nusse, 2003; Takada et al., 2006; Willert et al., 2003) and these
lipid modifications probably allow Wnts to be incorporated into
lipoprotein particles, which have been shown to play a role in es-
tablishing the Wg gradient in Drosophila (Panakova et al., 2005).
In addition, various studies demonstrated that heparan sulfate
proteoglycans are essential for Wg distribution (Baeg et al.,
2001; Franch-Marro et al., 2005; Han et al., 2004, 2005; Lin,
2004). More recently, studies have shown that Wnt gradient for-
mation is highly regulated by intricate processes in its producing
cells (Coudreuse and Korswagen, 2007; Hausmann et al., 2007).
Two proteins have been shown to regulate Wnt secretion.
Early studies demonstrated that Porcupine (Porc) is required
for Wnt/Wg secretion (Kadowaki et al., 1996; Rocheleau et al.,
1997; Tanaka et al., 2002). Porcupine belongs to a member of
the membrane-bound O-acyltransferase family (Hofmann,
2000) and is required for Wnt palmitoylation (Takada et al.,
2006; Zhai et al., 2004). The second evolutionarily conserved
protein required for Wg/Wnt secretion is Wntless (Wls also
known as Evenness Interrupted [Evi] or Sprinter [Srt]) (Banziger
et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006). In
Drosophila wls mutant, Wg is not secreted and is accumulated
inside Wg-producing cells (Banziger et al., 2006; Bartscherer
et al., 2006; Goodman et al., 2006). Secreted Wg/Wnt proteins
are reduced in cultured mammalian cells when Wls protein is
eliminated by RNA interference (RNAi) (Banziger et al., 2006;
Bartscherer et al., 2006). Wls is a multipass transmembrane pro-
tein that has been shown to be localized in the Golgi and at the
cell surface. A current model is that Porc is required for the lipid
modifications and proper folding of Wg/Wnt proteins, thereby
regulating their exit from ER, whereas Wls is required for sending
Wnt protein from the Golgi onto the cell surface for secretion
(Coudreuse and Korswagen, 2007; Hausmann et al., 2007).
However, the mechanism(s) by which Wls sends Wnt from the
Golgi onto the cell surface for secretion remains to benc.
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ulated in Wg/Wnt-producing cells.
Besides Porc and Wls, recent genetic studies in C. elegans
have uncovered an important function of the retromer complex
in Wnt signaling (Coudreuse et al., 2006; Prasad and Clark,
2006). Retromer is an evolutionarily conserved multiprotein com-
plex. The core of the retromer complex consists of the Vps35,
Vps26, and Vps29 subunits, in which Vps35 seems to be the
platform for the assembly of the other subunits (Seaman, 2005;
Verges, 2007). The retromer complex mediates endosome–Golgi
trafficking of yeast hydrolase transporter Vps10 and mammalian
cation-independent mannose-6-phosphate receptor as well as
the transcytosis of the polymeric immunoglobulin receptor (Ari-
ghi et al., 2004; Seaman et al., 1997; Verges et al., 2004). In
C. elegans, mutations in Vps35 or Vps26 caused a number of Wnt
(EGL-20) signaling defects. Interestingly, retromer activity is
only required for Wnt-expressing cells. Vps35 activity is also
required for Wnt signaling in Xenopus tropicalis and mammalian
cells, arguing that retromer activity in Wnt signaling is evolution-
arily conserved (Coudreuse et al., 2006). Importantly, as a Wnt
gradient is absent in Vps35 mutant, Coudreuse et al. suggested
that retromer may function in Wnt-producing cells to allow Wnt
gradient to form along the anteroposterior axis (Coudreuse
et al., 2006). However, Vps35 mutants did not affect EGL-20
levels within the EGL-20 producing cells when examined by
EGL-20-GFP fusion protein. Wnt3a secretion is also not affected
when the Vps35 activity is eliminated by RNA interference
(RNAi) incultured mammaliancells (Coudreuse et al., 2006). These
results led Coudreuse and colleagues to conclude that retromer
function is not essential for Wnt secretion (Coudreuse and Kors-
wagen, 2007; Coudreuse et al., 2006). Thus, the role(s) of retromer
in Wnt-producing cells is currently unknown.
To further elucidate the mechanisms underlying retromer func-
tions in Wnt-producing cells, we have generated a Drosophila
vps35 (Dvps35) mutant and analyzed its role in Wg signaling.
We provide convincing evidence that retromer is required for
Wg secretion. Importantly, we found that Vps35 interacts with
Wls and regulates its stability in both Drosophila and vertebrate
cells. Our findings link retromer and Wls functions into the
same conserved Wnt secretion pathway.
RESULTS
Drosophila Vps35, DVps35, Is Required
for Wg Secretion
To define the roles of retromer in Wnt signaling, we generated
a null mutant (Dvps351) in Drosophila vps35. We examined the
requirement of Dvps35 in Wg signaling by performing genetic
mosaic analysis. In the wing disc, Wg protein is produced at
the D/V boundary and forms a gradient along D/V axis (Couso
et al., 1994) (Figure 1A). Wg-producing cells mutant for Dvps35
had higher levels of Wg compared with surrounding wild-type
cells (Figure 1B–1B00). However, Wg levels were not altered in
Dvps35 clones containing only Wg-receiving cells (Figure S1A–
S1A0, see the Supplemental Data available with this article
online). These results raised a possibility that Wg secretion is de-
fective in Dvps35 mutant cells. Consistent with this, Wg levels
are reduced in Wg-receiving cells adjacent to mutant Wg-pro-
ducing cells when Dvps35 clones covered both Wg producingDevand receiving cells (arrowheads in Figure 1B and 1B00). Further-
more, in the absence of Dvps35 activity, Wg accumulated in
the Wg-producing cells of leg disc and wing hinge region (Fig-
ure S1B–S1C0).
We also used RNA interference (RNAi) to deplete DVps35.
When UAS-Dvps35-RNAi was expressed in the entire posterior
(P) compartment using hhGal4, Wg protein accumulated in Wg-
producing cells but reduced in Wg-receiving cells in the P com-
partment (Figure 1C–1C0). Wg accumulation was not due to in-
creased wg transcription, as no difference was observed in the
activity of a wg-LacZ reporter between mutant and wild-type
cells (Figure 1C0). Virtually identical results were observed
when UAS-Dvps26-RNAi was expressed using enGal4 to knock
down the activity of DVps26, another retromer component, in
the P compartment (Figure S1D).
Next, we asked whether Wg was accumulated intracellularly
or on the surface of Dvps35 mutant cells. Wing discs bearing
Dvps35 mutant clones were examined by an extracellular stain-
ing technique (Strigini and Cohen, 2000). In contrast to accumu-
lated Wg within Dvps35 mutant cells, extracellular Wg levels
were reduced in Dvps35 clones (Figure 1D–1D00), suggesting
that Wg protein was retained inside Dvps35 mutant cells. Simi-
larly, extracellular Wg levels were reduced in the P compartment
of Wg-producing cells and Wg-receiving cells when Dvps35
activity was eliminated by UAS-Dvps35-RNAi using hhGal4
(Figure 1E).
To further confirm the requirement for DVps35 in Wg secretion,
we examined the effect of DVps35 on Wg secretion in S2R+ cells
expressing Wg. As shown in Figure 1J, Wg was reduced in su-
pernatants of cells treated with Dvps35 dsRNA against three dif-
ferent regions of the Dvps35 gene, whereas control cells treated
with LacZ dsRNA secreted Wg normally. Together, our data
argue that retromer is required for Wg secretion.
DVps35 Is Required for Wg
Short- and Long-Range Signaling
In the wing disc, Wg acts as a morphogen to induce the expres-
sion of Wg-target genes in a concentration-dependent manner.
Wg induces senseless (sens) expression at a short range (Nolo
et al., 2000), whereas it activates distalless (dll) at a long range
(Neumann and Cohen, 1997; Zecca et al., 1996) (Figures 1F
and 1G). Sens was reduced inside of a Dvps35 clone straddling
the wg expression domain (Figures 1H–1H0). However, Sens ex-
pression was still present in someDvps35mutant cells when they
neighbored wild-type Wg-producing cells (Figures 1H–1H0 and
Figure S2). Similar results were previously observed in clones
mutant forwls (Banziger et al., 2006; Goodman et al., 2006), argu-
ing that retromer is not essential for Wg signaling per se. It sug-
gests further that accumulated Wg protein inside retromer
mutant cells fails to activate Wg signaling. We also examined
sens and dll expression in the wing discs expressing Dvps35
RNAi in the entire P compartment using enGal4. As shown in Fig-
ures 1I–1I00 0, Sens is diminished anddllexpression is also reduced
in the P compartment. Together, our data suggest that loss of ret-
romer activity causes a defect in Wg secretion, subsequently
leading to reductions of Wg-target gene expression.
In contrast to Wg signaling, both Hedghog (Hh) and Decapen-
taplegic (Dpp) signaling were not affected by the Dvps35 mutant
(Figure S3). As wg transcription in wing disc is controlled byelopmental Cell 14, 120–131, January 2008 ª2008 Elsevier Inc. 121
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tion and Signaling
(A–C) Wing discs are oriented anterior left, dorsal
up.
(A) Wg staining in wild-type disc along D/V bound-
ary. Wg is detected in its producing cells and
outside of nonproducing in punctate structures
(arrowheads).
(B, B00) Wg staining in a wing disc bearing Dvps351
clones. Mutant clones are outlined by the dotted
lines to mark the absence of GFP ([B0], green).
(B00) Enlarged view of clones in (B) to show accu-
mulated Wg inside Dvps35 mutant Wg-producing
cells. Also note the reduced numbers of Wg punc-
tate structures outside Wg-producing cells in the
clone regions (arrowheads in [B], [B00]).
(C–C0) UAS-Dvps35 RNAi was expressed in wing
discs using hhGal4 to deplete retromer activity in
the P compartment. A/P boundary is shown by
the dotted line (C). Wg accumulated in Wg-pro-
ducing cells of the P compartment and Wg punc-
tate structures in surrounding cells are almost
absent in the P compartment (arrowhead in [C]).
However, wg expression monitored by wg-lacZ
(C0) is not altered.
(D–I00 0) Wing discs are rotated 45CW relative to
those in (A–C0).
(D–D00) Extracellular Wg was examined in
Dvps351clones (D) marked by the dotted lines
and by the absence of GFP ([D0], green). (D00) En-
larged view of the clone in (D). Extracellular Wg
is reduced in the Dvps351 mutant Wg-producing
cells.
(E) Extracellular Wg distribution in the P compart-
ment of a wing discs expressing UAS-Dvps35
RNAi using hhGal4. A/P boundary is shown by the
dotted line. The extracellular Wg level was re-
duced in the P compartment where Dvps35 activ-
ity is eliminated by UAS-Dvps35 RNAi.
(F) Wg-dependent sens expression (red) in the
wild-type wing disc is in two narrow stripes abut-
ting wg-expressing cells (green).
(G) dll is a long-range Wg target gene and is ex-
pressed in the broader region in wild-type discs.
The dll expression is determined by dll-LacZ.
(H, H0 ) Sens staining is dramatically reduced in
Dvps351 clones outlined by the dotted lines and marked the absence of GFP ([H0], green). However, if Dvps35 mutant cells are close to wild-type Wg-producing
cells, there is no reduction in Sens (arrowhead in [H]).
(I–I00 0) Sens (I) and Dll ([I0], examined by dll-lacZ) staining in wing discs expressing UAS-Dvps35RNAi using enGal4. In the P compartment, both Sens (I) and and Dll
(I0) expression are reduced whereas Wg is accumulated in its producing cells (I00).
(J) The amount of Wg in the supernatant (S) was strongly reduced when S2R+-pMKWg cells were treated with dsRNAs targeted to different regions of Dvps35
compared to the control (lacZ dsRNA). However, the amount of Wg in cell lysates was markedly increased. Ri-1 was targeted to the 30UTR, whereas Ri-2 and Ri-3
were targeted to Dvps35 coding region. b-tubulin shows equal loading of lysate samples and is not altered by Dvps35 RNAi treatment.Notch signaling (Rulifson and Blair, 1995) and is not affected in
Dvps35 mutant cells (Figure 1C0), retromer activity is also not
essential for Notch signaling. These data suggest that retromer
is required for specific signaling pathway(s).
DVps35 Interacts with Wls in S2 Cells
The retromer complex has been shown to mediate endosome–
Golgi trafficking of membrane proteins (Seaman, 2005; Verges,
2007). One possibility is that retromer may control Wg secretion
by regulating the activities of Porc or Wls, two proteins essential
for Wg secretion. As Porc and Wls localize to the ER and the
Golgi, respectively, we speculate that retromer may affect Wls122 Developmental Cell 14, 120–131, January 2008 ª2008 Elsevier Iactivity at the Golgi. We examined this possibility by determining
whether DVps35 interacts with Wls in S2 cells. Myc-tagged
DVps35 and V5-tagged Wls were either expressed individually
or in combination in Drosophila S2 cells (Figure 2). Upon immu-
noprecipitation of Myc-DVps35 protein from transfected cells,
V5-tagged Wls was detected by western blotting in the immuno-
precipitate. Similarly, DVps35 coimmunoprecipitated with Wls,
while Wls-V5 and Myc-Dvps35 cannot coimmunopreciate with
Golgi proteins Ttv-Myc and Sotv-V5 (Han et al., 2004), respec-
tively (Figure S4). Specific interaction of Wls and Vps35 supports
further our hypothesis that retromer activity is needed for Wls
function.nc.
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and Its Stability Is Regulated by DVps35
Previous studies showed that Drosophila Wls is localized to the
cell membrane (Bartscherer et al., 2006). However, much of hu-
man Wls was observed in the Golgi complex in cultured mamma-
lian cells (Banziger et al., 2006). To clarify this issue, we ex-
pressed a functional Wls-V5 construct (Figure S5) in the wing
disc and examined its subcellular localization with various
markers. As shown in Figures 3A–3A0, the majority of Wls protein
colocalized with plasma membrane protein CD8-mRFP. Interest-
ingly, Wls was also present in vesicle-like punctate structures (ar-
rowheads in Figures 3A–3A00). These Wls-containing punctates
colocalized with GFP-Rab5 driven by hhGal4 (Figures 3B–3B00).
As ectopic expression of GFP-Rab5 can cause enlargement of
early endosomes, we also used GFP-2XFYVE, another marker
for early endosomes (Bucci et al., 1992; Gillooly et al., 2000; Wu-
cherpfennig et al., 2003) and found colocalization of Wls with
GFP-2X FYVE (Figures 3C–3C00). Together, these data suggest
that Wls is present in early endosomes.
To further confirm plasma membrane localization of Wls, we
performed a cell-surface biotinylation experiment. A Wls-HA
construct was transiently expressed in Drosophila S2R+ cells
and was subsequently labeled with Sulfo-NHS-SS-Biotin. The
presence of cell-surface-exposed Wls-HA (biotinylated) and in-
tracellular Wls-HA (nonbiotinylated) was determined by western
blot. As shown in Figures 3H–3H0, the fraction of Wls-HA present
at the plasma membrane (biotinylated) was somewhat lower
than the membrane-resident protein Na+K+-ATPase, but much
higher than the Tubulin control, suggesting that Wls is present
at the plasma membrane and in intracellular compartments.
Next, we sought to determine whether Wls trafficking is regu-
lated by retromer. First, we examined Wls levels inDvps35mutant
clones in wing discs and found a striking reduction of Wls levels in
Dvps35mutant cells (Figures 3D–3D0). To further investigate this,
we performed a time course experiment to monitor Wls protein
levels in wild-type and Dvps35 mutant cells. In animals carrying
hs-wls-V5 construct, we expressed UAS-Dvps35RNAi using
hhGal4 to deplete retromer activity in the P compartment. During
the third instar larval stage, we induced Wls-V5 expression for
2 hr by heat shock and examined Wls-V5 levels after additional
1.5, 4, 8, and 12 hr. As shown in Figures 3E–3E00 0, Wls levels
were not significantly altered within 1.5 hr after induction in
both wild-type and Dvps35 mutant cells. However, Wls levels in
the mutant cells are reduced 4 hr after induction and nearly com-
pletely diminished 12 hr after induction, while significant Wls
levels are still maintained at these time points in the wild-type
Figure 2. Drosophila Wls Interacts with DVps35 in S2 Cells
V5-tagged Wls and Myc-tagged DVps35 expression vectors were transfected
individually or together into Drosophila S2 cells. Cell lysates were immunopre-
cipitated and analyzed by western blotting with the antibodies indicated. IP,
immunoprecipitatio; IB, immunoblot. Wls-V5 and Myc-DVps35 can precipitate
each other.Devcells. Together, these data strongly argue that Wls stability is con-
trolled by DVps35.
We further asked whether overexpression of Wls can rescue
the Wg secretion defect observed in Dvps35 mutant cells. In
a wild-type control, Wg protein levels are enhanced in the P com-
partment expressing UAS-wls, suggesting that overexpression
of Wls can promote Wg secretion (Figure 3F). Although Wg
secretion is defective in the P compartment expressing UAS-
Dvps35 RNAi (Figures 1C–1C00), coexpression of UAS-Dvps35
RNAi with UAS-Wls restored Wg secretion (Figure 3G). Similarly,
depletion of Dvps35 in Wg-producing cells by UAS-Dvps35
RNAi and wgGal4 blocked Wg secretion. Coexpression of UAS-
Dvps35 RNAi with UAS-Wls restored Wg secretion (Figure S6).
Collectively, our data argue that retromer affects Wg secretion
by regulating Wls protein levels in the Wg-producing cells.
Wls Trafficking and Stability Is Controlled
by Dynamin-Mediated Endocytosis
Dynamin-mediated endocytosis plays an essential role in regu-
lating the levels of cell membrane proteins that can be internal-
ized and sorted into endosomes and subsequently delivered
into lysosomes for degradation (Seto et al., 2002). Since Wls
localizes to both the cell surface and the endosomes and its pro-
tein levels are controlled by retromer, we asked whether Wls is
internalized and degraded through Dynamin-mediated endocy-
tosis. To test this possibility, we performed the following three
experiments. First, we examined the effects of shibirets1 (shits1)
on Wls levels. shi encodes the Drosophila homolog of the Dyna-
min GTPase required for the first step of endocytosis (Chen et al.,
1991; van der Bliek and Meyerowitz, 1991). As shown in Figures
4A–4A00, Wls levels were elevated in shits1 mutant cells. Second,
the Rab5 GTPase regulates endocytic vesicle formation and early
endosome fusion (Seto et al., 2002). Wls level was enhanced in
Rab5-depleted cells (Figure 4B–4B00). Finally, we examined Wls
levels in cells mutant for hrs (hepatocyte growth factor-regulated
tyrosine kinase substrate). Hrs is an endosome-associated, ubiq-
uitin-binding protein required for multivesicular body formation
and degradation of RTKs and other signaling receptors (Hicke
and Dunn, 2003; Seto et al., 2002). Wls levels were also strikingly
elevated both on plasma membrane and punctate structures
inside of mutant cells (Figures 4C–4C00). The accumulated Wls
punctate structures colocalize with Rab5, suggesting the accu-
mulation of Wls in early endosomal vesicles.
The above data argue strongly that Wls levels are highly regu-
lated by Dynamin-mediated endocytosis. One plausible interpre-
tation is that Wls protein on the cell surface can be internalized by
Dynamin-mediated endocytosis and then subsequently de-
graded by lysosomal degradation process.
Human Vps35 Is Required for Wnt3a
and Wnt5a Secretion
Next, we asked whether retromer activity in Wnt secretion is evo-
lutionarily conserved. We choose Wnt3a and Wnt5a, since they
are involved in canonical and noncanonical Wnt signaling path-
ways, respectively (Clevers, 2006; Logan and Nusse, 2004; Vee-
man et al., 2003). The shRNA method was used to deplete Vps35
in mouse L cell lines expressing stably transfected Wnt3a and
Wnt5a genes (Willert et al., 2003). As shown in Figures 5A and
5B, while mVps35 levels are not altered in L cells treated withelopmental Cell 14, 120–131, January 2008 ª2008 Elsevier Inc. 123
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(A–C00) In wing discs, V5-tagged Wls protein was expressed using hs-Wls-V5. UAS-CD8-mRFP, UAS Rab5-GFP, and GFP-2xFYVE were expressed using hhGal4.
(A–A00) V5-tagged Wls protein (A) is detected on the plasma membrane marked by CD8-mRFP. V5-tagged Wls is also detected in punctate structures (arrowheads
in [A]) that do not colocalize with CD8-mRFP (A00).
(B–C00) Wls punctate structures (B0, C0) co-localize with early endosome markers Rab5-GFP (B) and GFP-2xFYVE (C) Sites of colocalization are shown by arrow-
heads in (B00) and (C00).
(D–G0) Wing discs are oriented anterior left, dorsal up.
(D, D0) Animals with Dvps351 clones carrying the hs-wls-V5 construct were heat shocked for 1.5 hr. Four hours later, Wls-V5 protein distribution (red) was exam-
ined. Wls-V5 levels were markedly reduced in Dvps351 clones outlined by the dotted lines to mark the absence of GFP ([D], green).
(E–E00 0) In animals carrying hs-wls-V5 construct, UAS-Dvps35RNAi was expressed in the P compartment using hhGal4. Wls-V5 was expressed uniformly for
2 hr by heat shock. After an additional 1.5 (E), 4 (E0), 8 (E00), and 12 (E00 0) hr, Wls-V5 protein levels were examined. With the time progression, Wls-V5 protein levels
declined steadily in the P compartment. After an additional 12 hr, virtually no Wls-V5 protein is detected in P compartment, while it is still maintained in the A
compartment (E00 0).
(F) UAS-wls in wing discs using hhGal4 in the P compartment. A/P boundary is shown by the dotted line. Note that Wg levels are somewhat enhanced when Wls is
overexpressed.
(G) UAS-wls and UAS-Dvps35RNAi were co-expressed using hhGal4 in the P compartment. A/P boundary is shown by the dotted line. Wg secretion appeared to
be normal in the P compartment which exhibited secreted Wg punctuates outside Wg producing-cells and no accumulation of Wg in the Wg-producing cells.
(H, H0) Surface biotinylation of Wls-HA transfected S2R+ cells. (H) Western blots show total protein (lysate), nonbiotinylated proteins present in flow through
(Flow), and biotinylated protein that binds to the neutravidin column (Eluate). Resident plasma membrane protein Na+K+ATPase and an intracellular protein
b-tubulin were used as positive and negative controls, respectively. (H0) Quantitation of western blot result. Blue bars are the fraction of protein not bound to
the neutravidin column (Flow). Red bars are the fraction of bound protein (Eluate).GFP shRNAi vector, Vps35 levels are diminished in cells trans-
fected with hvps35 shRNAi vectors that targeted the conserved
regions of both mVps35 and hVps35 genes. Importantly, both
Wnt3a and Wnt5a levels in the supernatants of the transfected
cells were reduced compared to control cells (Figures 5A and
5B). These data are consistent with our studies in Drosophila,124 Developmental Cell 14, 120–131, January 2008 ª2008 Elsevier Iarguing strongly that retromer activity is required for the secre-
tion of mammalian Wnt proteins.
Vertebrate Wls Level Is Regulated by Retromer Activity
Next, we performed a coimmunoprecipitation experiment to de-
termine whether hWls interacts with hVps35 in mammalian cells.nc.
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individually or in combination in human embryonic kidney cells
(HER-293T). V5-tagged hWls and Myc-tagged hVps35 can
coimmunoprecipitate each other (Figure 5C). Furthermore, in
a mouse L cell line expressing stably transfected hWls-V5
(L-hWls-V5), hWls-V5 can also coimmunoprecipitate the endog-
enous mouse Vps35 (Figure S4C), providing further evidence for
specific interaction of hVps35 with hWls in cells.
We further examined the effects of Vps35 on hWls-V5 stability.
In L-hWls-V5 cells, hWls-V5 was strikingly reduced when endog-
enous Vps35 was eliminated by the Vps35 shRNA (Figure 5D).
Conversely, hWls-V5 levels were enhanced in cells overexpress-
ing hVps35 (Figure 5E). An enhanced hVps35 level is likely to in-
crease the number of functional retromer complexes, as it can
elevate the levels of other retromer core components such as
Vps26 (Figure S7). Finally, we also examined whether blocking
Dynamin-mediated endocytosis can stabilize Wls protein. As
Figure 4. Wls Stability Is Controlled by Dynamin-Mediated Endocy-
tosis
(A–C00) In wing discs carrying hs-Wls-V5, Wls-V5 expression was induced by
heat shock at 37C for 2 hr.
(A–A00) Wls-V5 was induced by heat shock in wing disc carrying shits1 clone
marked by the dotted line and by the absence GFP ([A00], blue). After another
5 hr at 34C, Wls-V5 distribution was examined. Wls-V5 (A) was accumulated
in shits1 mutant cells and colocalized with the membrane maker DE-cadherin
([A0 ], green, and [A00], merge).
(B–B00) UAS-dRab5RNAi was expressed for 24 hr at 30C using hhGal4 tub1
a-Gal80ts in the P compartment to knockdown DRab5. The A/P boundary is
shown by the dotted line, anterior up-left, posterior down-right. Wls-V5 was in-
duced by heat shock for 2 hr. After an additional 6 hr, the distribution of Wls-V5
was examined. Wls–V5 accumulated in the P compartment on plasma mem-
brane as well in punctuate structures (B00).
(C–C00) Wls-V5 expression was induced by heat shock in wing disc carrying
a hrsD28 clone marked by the dotted lines and by the absence of GFP ([C00],
blue). After an additional 10 hr, Wls-V5 distribution was examined. Wls-V5
accumulated in hrs mutant cells (C), mostly in vesicles which colocalized
with endosome marker Rab5 ([C0] and [C00], merge).Devshown in Figure 5E, Wls level was elevated in cells transfected
with a dominant-negative form of Rab5 (hRab5S34N), which
can block the Rab5 activity (Stenmark et al., 1994). Taken to-
gether, the above data suggest that retromer and a Dynamin-
mediated endocytosis process can regulate Wls levels in mam-
malian cells.
Figure 5. hVps35 Is Involved in Wnt Secretion by Controlling Wls
Stability
In experiments shown in (A), (B), and (D), hVps35 shRNA was used to knock-
down endogenous vps35 in L cells. Vps35 levels were diminished by hVps35
shRNA. GFP shRNA was used as negative controls. b-actin was used as
a loading control for lysates, which was not altered by hVps35 shRNA treat-
ment.
(A) The amount of hWnt3A (S) in supernatants was significantly reduced when
hVps35 was knocked down by transfection of L-Wnt3A cells with hVps35
shRNA vector.
(B) The amount of hWnt5A (S) in supernatants was significantly reduced when
hVps35 was knocked down by transfection of L-Wnt5A cells with hVps35
shRNA vector.
(C) Coimmunoprecipitation of hWls with hVps35. HEK293T cells were trans-
fected with Myc-tagged hVps35 and V5-tagged hWls expression vectors.
Cell lysates were immunoprecipitated and then analyzed by western blotting
with the antibodies indicated. IP, immunoprecipitation; IB, immunoblot.
Myc-hVps35 and hWls-V5 can precipitate each other.
(D) The amount of hWls-V5 in the lysate of L-hWls cells was significantly
decreased when Vps35 was knocked down by transfection of L-hWls cells
with hVps35 shRNA vector.
(E) Overexpression of hVps35 or hRab5S34N increased the level of hWls-V5 in
the lysates of L-hWls cells compared with control cells (transfected with
pcDNA3).elopmental Cell 14, 120–131, January 2008 ª2008 Elsevier Inc. 125
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Other Endocytic Vesicle Markers
Our results so far provide compelling evidence for a role for ret-
romer in regulating the stability of Wls protein in both Drosophila
and mammalian cells. As retromer is involved in retrieving mem-
brane proteins from endosomes to TGN (Arighi et al., 2004; Sea-
man et al., 1997), we speculated that retromer may prevent Wls
from being degraded in lysosomes by recycling Wls from endo-
somes to the TGN. If this is the case, we would expect to see
colocalization of Wls with retromer in endosomes. We performed
colocalization experiments using human HeLa cells, which are
relatively large in size and are extensively used for cell biology
Figure 6. Subcellular Localization of hWls
and hVpsS35 Proteins in HeLa cells
hWls-V5 ([A], [C–F]) or V5-hWls (B) and Myc-
hVps35 expression vectors were transfected in
HeLa cells. The subcellular localization of these
proteins was determined by staining using anti-
bodies against various markers. Anti-human
Vps35 is able to recognize both endogenous and
transfected hVps35. Bars, 10 mm.
(A–A00) Costaining with cell membrane Pan-Cad-
herin (A) shows localization of hWls–V5 on plasma
membrane (A00). Arrows indicate the distribution of
hWls-V5 on the edges of cells.
(B–B00) V5-hWls was coexpressed with CD8-
mRFP expression vector. Extracellular staining
protocol was used to detect membrane marker
CD8-mRFP (B) and V5-hWls (B0). V5-hWls shows
similar distribution patterns as CD8-mRFP (B00).
(C–C00) mRFP-2xFYVE expression vector was
coexpressed with hWls-V5. Endosome marker
mRFP 2xFYVE (C) colocalizes well with hWls-V5
(C0) as shown in C00.
(D–D00) Endosome marker Hrs (D) and hWls-V5 (D0)
also show colocalization (D00).
(E–E00) Vps35 (E) colocalizes with hWls-V5 (E0) and
endosome marker EEA1 (E00) as shown in E00 0.
Arrows indicate their colocalizations.
(F–F00) Large amount of hWls-V5 (F0 ), but not Vps35
(F00), is present in trans-Golgi network (F).
studies. hWls-V5 and Myc-hVps35 were
coexpressed and stained with various
markers in HeLa cells.
First, using Pan-cadherin antibody, we
found that some hWls localized with cell
membranes (Figures 6A–6A00). To further
confirm cell surface localization of hWls,
we made a V5-hWls expression vector in
which a V5 tag is inserted after the amino
acid residue 166. As shown in Figures 6B–
B00, V5-hWls was stained extracellularly in
HeLa cells when examined by an extra-
cellular staining technique (Strigini and
Cohen, 2000), confirming plasma mem-
brane distribution of Wls in HeLa cells.
Next, we examined colocalization of
Wls intracellular particles with Vps35 and
several endosome markers. As shown in
Figures 6C–6E00 0, hWls-V5 colocalized
with the early endosome makers mRFP-2X-FYVE, early endoso-
mal antigen 1 (EEA1) (Christoforidis et al., 1999), as well as sorting
endosome marker Hrs, which is located in both early and late
endosomes (Raiborg et al., 2002). Importantly, Wls colocalized
well with Vps35 in early endosomes containing EEA1 (Figures
6E–E00 0). Finally, we found that hWls was present at high levels
in TGN marked by anti-TGN46 antibody (Figures 6F–6F00 0).
Together, these results demonstrate that Vps35 and Wls mainly
colocalize in early endosomes, supporting a view that retromer
retrieves Wls from endosomes to TGN. Consistent with this, we
found that cell surface Wls can be internalized and returned to
the Golgi (Figure S8).126 Developmental Cell 14, 120–131, January 2008 ª2008 Elsevier Inc.
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The mechanisms underlying Wnt secretion are of fundamental
importance in understanding Wnt functions in development
and diseases. Here, we have provided convincing evidence for
mechanistic roles of retromer and Wls in Wnt secretion. We
show that the retromer complex is involved in Wnt secretion in
both Drosophila and mammalian cells. We further demonstrate
that Wls stability is regulated by Dynamin-mediated endocytosis
and that retromer plays an essential role in maintaining Wls pro-
tein levels, possibly via the retrieval of Wls from endosomes to
the Golgi. Together, our findings have linked retromer and Wls
into the same conserved Wnt secretion pathway. We propose
that retromer influences Wnt secretion by recycling Wntless
from endosomes to the TGN.
Retromer Complex in Wnt Secretion and Signaling
One main finding of this work is the demonstration of a retromer
requirement for Wnt secretion. First, we showed that Wg protein
accumulated inside the Wg-producing cells, whereas Wg levels
in the receiving cells were reduced in the absence of the retromer
activity. Second, secretion of Wg, as well as of Wnt3a and Wnt5a
proteins, is inhibited in cultured cells, in which retromer activity is
depleted by RNAi. Finally, we clearly demonstrated a role of ret-
romer in controlling the levels of Wls protein, which is essential
for Wnt secretion (see Discussion later).
Previously, Coudreuse et al. found that vps-35 mutant in
C. elegans did not affect the level of the Wnt, EGL-20, within
producing cells when examined using an EGL-20-GFP fusion
protein (Coudreuse et al., 2006). They also failed to detect
Wnt3a secretion defects in Vps35-depleted mammalian cells
(Coudreuse et al., 2006). These differences could be due to var-
iations in experimental procedures. In our experiment, mosaic
clones were used to compare Wg accumulation in Vps35 mu-
tant cells with surrounding wild-type cells, whereas they used
homozygous Vps35 mutant embryos to compare with wild-
type embryos (Coudreuse et al., 2006). Furthermore, Cou-
dreuse et al. used a relatively short time period (maximum 5 hr)
to collect Wnt3a protein in Vps35-depleted cells, which perhaps
was not long enough to detect a decrease in Wnt3a secretion
(Coudreuse et al., 2006). Finally, EGL-20-GFP and Wnt3a-pro-
teinA chimeras used previously might be less dependent on
retromer activity for secretion compared with the native forms
of these proteins. In our experiments, we have used nontagged
Wg, Wnt3a, and Wnt5a proteins to avoid this potential compli-
cation.
Consistent with a role of retromer in Wg secretion, we ob-
served reduced Wg short-range and long-range signaling activ-
ities in the absence of retromer activity in the wing discs. Our
data argue strongly that diminished levels of Wg protein contrib-
ute to the reduced short- and long-range signaling activities of
Wg. In this regard, it is important to mention that the short-range
signaling activity of EGL-20 was only mildly affected, while the
long-range signaling of EGL-20 was fully impaired in C. elegans
(Coudreuse et al., 2006). We attribute the distinct responses of
target genes to differences in their sensitivity to extracellular
Wnt protein levels. Indeed, we noticed that while Sens is strik-
ingly reduced, only relatively weak reduction of Dll expression
is observed in the absence of retromer activity.DevVps35 Function and Wls Stability
Several models have been proposed previously for the function
of retromer in Wnt-gradient formation. These models include
roles of retromer in (1) Wnt maturation by directly interacting
with other enzymes such as Porcupine and (2) facilitating the
interaction of Wnt protein with lipoprotein particles (Coudreuse
and Korswagen, 2007; Coudreuse et al., 2006). Although we
cannot rule out completely these mechanisms of retromer’s
role in Wnt activity, in light of our data, we argue strongly that
the main function of retromer in Wnt signaling is to maintain
Wls protein levels. We showed that Wls is substantially reduced
in the absence of retromer activity and it interacts with retromer
in cells. In further support of this view, we show that overexpres-
sion of Wls can restore Wg secretion defects in Dvps35 depleted
wing discs. As Wls is likely to be required for the secretion of all of
Wnt members (Banziger et al., 2006; Hausmann et al., 2007), we
suggest that retromer may be essential for the secretion of all
Wnt proteins.
Wls Trafficking and Its Retrograde Transport
from Endosomes to TGN
One main issue related to Wls function is its subcellular distribu-
tion. While Bartscherer et al. identified Wls at the plasma mem-
brane of Drosophila and HEK293T cells, Banziger et al. showed
localization of Wls in the Golgi and in vesicles between the Golgi
and the surface of mammalian cells (Banziger et al., 2006;
Bartscherer et al., 2006). To clarify this issue, we have carefully
examined the Wls distribution in wing discs and in HeLa cells.
Our results showed that Wls protein localizes on plasma mem-
brane, TGN, and vesicles. Data from the biotinylation experi-
ment, the extracellular staining of Wls, and colocalization with
plasma membrane markers provide compelling evidence that
some of the Wls protein is present on the plasma membrane. Im-
portantly, our data revealed colocalization of Wls protein with
early endosome markers including Rab5, EEA1, and Hrs. Thus,
it is likely that Wls is trafficking from the TGN onto cell membrane
and is then subsequently endocytosed from the cell surface. A
previous study showed that Wls is able to bind Wnt (Banziger
et al., 2006). Therefore, it is likely that Wls acts as a Wnt cargo
receptor for the delivery of Wnt ligands from the Golgi onto the
cell surface for secretion. Consistent with this view, we observed
accumulation of Wg in the Golgi in the absence of Vps35 activity
(Figure S9). Perhaps, the absence of retromer activity causes
depletion of Wls in the Golgi, thereby resulting in Wg accumulation
in the Golgi.
Our experiments further demonstrate that Wls is actively inter-
nalized and degraded through Dynamin-mediated endocytosis.
As Wls is enhanced in endosomes in the absence of Hrs activity,
our data also suggest that Wls is likely to undergo the lysosomal
degradation. Endocytosis-mediated protein degradation has
been shown to be a mechanism for regulation of a number of sig-
naling receptors such as Patched, Thickveins, and EGF receptor
(Seto and Bellen, 2006; Seto et al., 2002). Thus, our work builds
on the known principle that lysosomal targeting of receptors reg-
ulates signaling in the responding cell, by showing that lyso-
somal targeting of a putative cargo receptor can also attenuate
the production and presentation of ligand in the first place.
We found extensive colocalization of Wls with Vps35 protein in
endosomes in HeLa cells, arguing that endosomes are the mainelopmental Cell 14, 120–131, January 2008 ª2008 Elsevier Inc. 127
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cells suggest an essential role of retromer in retrieving mem-
brane proteins from endosomes back to TGN (Seaman, 2005).
In light of our data, we suggest that the retromer complex is in-
volved in recycling Wls from endosomes to TGN for its further
function in Wnt secretion. This is likely mediated by the interac-
tion of Wls with the retromer complex. Consistent with this view,
we found that cell surface Wls can be internalized and returned
to the Golgi (Figure S8). In the absence of retromer activity, inter-
nalized Wls is likely to be sorted into lysosomes for degradation.
In support of this view, we demonstrate that overexpression of
Vps35 can significantly enhance levels of Wls in mammalian cells
even in the absence of Wnt ligand.
A Model for Retromer and Wls
Functions in Wnt Secretion
On the basis of our findings, we propose the following model
(Figure 7). At the ER, Wnt protein is dually lipid-modified by the
Porc. The modified Wnt exits from the ER and enters the Golgi,
where it binds Wls. Wls carries and sends Wnt proteins from
TGN onto the cell surface for secretion. Once Wnt is delivered
to the cell surface, the unloaded Wls protein on the plasma mem-
brane will subsequently be internalized through a Dynamin-
mediatedendocytosisprocess. In the endosomes, the internalized
Wls can have two fates. (1) The retromer complex interacts with
Wls and retrieves Wls from endosomes back to TGN, thereby
maintaining the normal levels of Wls protein. (2) In the absence
of retromer activity, Wls protein is subsequently delivered into
lysosomes for degradation. In this model, Wls acts as a Wnt
cargo receptor. More experiments will be needed to define the
mechanism by which Wls protein transports Wnt from TGN
onto the cell surface for secretion. In addition, it also remains
to be determined whether Wls is required for Wnt modification
Figure 7. Model of Wnt Secretion
Wnt protein is synthesized and dually lipid-modified by Porc in the ER. In Golgi,
Wls is required for Wnt delivery onto the cell surface for secretion. Retromer
retrieves endocytosed Wls from endosomes, recycling it back to TGN for its
further function in Wnt secretion (see the text for details).128 Developmental Cell 14, 120–131, January 2008 ª2008 Elsevieror its interaction with other proteins such as lipoprotein particles
before its secretion.
EXPERIMENTAL PROCEDURES
Genetics
The Dvps35 gene is located on the right arm of the second chromosome. We
identified a P element insertionDvps35EY (EY14200) (Bellen et al., 2004), which
is located in the 50 UTR of theDvps35 gene and is a strong lethal allele (data not
shown). We screened for Dvps35 null alleles after mobilization of EY14200 P
element and obtained a null allele Dvps351, which deletes 1220 bp including
the start codon and the first three exons. enGal4, hhGal4, wgGal4, WgLacZ, and
shits1 lines were described in Flybase. Wls (Srt) allele (Goodman et al., 2006),
dllLacZ (Neumann and Cohen, 1997), UAS-GFP-DRab5, and UAS GFP-2X
FYVE (Wucherpfennig et al., 2003) were described previously.
Generation of Mutant Clones and Ectopic Expression Experiments
Clones of mutant cells were generated by the FLP-FRT method and induced in
first/second-instar larvae, as described (Belenkaya et al., 2002). After genera-
tion of shibire mutant clones, larvae were allowed to grow at 18C until third
instar, then shifted to 37C for 2 hr to induce hs-Wls-V5 and moved to 34C
for 5 hr prior to fixation and antibody staining. To induce Rab5RNAi in wing
discs, the Gal80ts technique was used (McGuire et al., 2003). Below, we list
the genotypes and conditions used in our analyses.
Dvps351 Clones Marked by Absence of GFP
y w hsp70-flp/+ or Y; FRTG13 ubiquitin-GFP/FRTG13 Dvps351 (Figures 1B, 1D,
and 1H; Figures S1A–S1C, S2, and S3).
y w hsp70-flp/+ or Y; FRTG13 ubiquitin-GFP/FRTG13 Dvps351; hs-Wls-V5/+
(Figure 3D).
Wing Disc Expression of UAS-Dvps35 RNAi Using hhGal4 or enGal4
UAS-Dvps35 RNAi/hhGal4 UAS-CD8-mRFP (Figure 1C).
or hhGal4; UAS-Dvps35 RNAi/+ (Figure 1E).
Dll-LacZ/enGal4; UAS-Dvps35 RNAi/+ (Figure 1I).
UAS-Dvps35 RNAi, hs-Wls-V5/hhGal4 UAS-CD8-mRFP (Figure 3E).
UAS-Wls/hhGal4 UAS-CD8-mRFP (Figure 3F).
UAS-Dvps35 RNAi,UAS-Wls/hhGal4 UAS-CD8-mRFP (Figure 3G).
Colocalization of Wls with Membrane and Endosome Markers
Hs-Wls-V5/hhGal4 UAS-CD8-mRFP (Figure 3A).
UAS-Rab5-GFP (GFP-2XFYVE)/+; hs-Wls-V5/hhGal4 UAS-CD8-mRFP
(Figures 3B–3C).
shits1 Clones Marked by Absence of LacZ in Discs
Expressing hs-Wls-V5
armadillo-LacZ FRT18A/shits1 FRT18A; hsp70-flp/+; hs-Wls-V5/+ (Figure 4A).
hs-Wls-V5 and UAS-Rab5 RNAi Expression in P Compartment
UAS-Rab5 RNAi/hs-Wls-V5; hhGal4 tub1a-Gal80ts/+ (Figure 4B).
Larvae were kept at 18C till third instar to block GAL4, shifted to 30C for
24 hr to allow GAL4 expression, then heat-shocked for 2 hr at 37C to induce
hs-Wls-V5 and kept and additional 6 hr at 30C before dissection.
hrsD28 Clones Marked by Absence of GFP in Discs
Expressing hs-Wls-V5
y w hsp70-flp/+ or Y; FRT40A ubiquitin-GFP/FRT40A hrsD28; hs-Wls-V5/+
(Figure 4C).
Larvae were heat-shocked for 2 hr at 37C to induce hs-Wls-V5 and kept for
10 hr at 25C to accumulate Wls-V5 protein before dissection.
Antibodies Used for Immunostaining, Immunoprecipitation,
and Western Blotting
Fixation and antibody staining in imaginal discs were performed as described
(Belenkaya et al., 2004). Fixation and antibody staining in cultured cells were
performed as described (Han et al., 2004). Extracellular Wg staining was per-
formed as described (Strigini and Cohen, 2000). Primary antibodies used for
the immunostainings were mouse anti-Wg 4D4 (Iowa Developmental Studies
Hybridoma Bank; IDSHB), rabbit anti-b-Gal (Cappel), anti-DGolgi (Calbio-
chem), rabbit anti-Hrs (Santa Cruz), rabbit anti-DRab5 (Wucherpfennig et al.,
2003), mouse anti-EEA1 (BD Transduction Laboratories), rabbit anti-TGN
(H-300) (Santa Cruz Biotechnology, INC), rabbit anti-Giantin (Covance), rabbit
anti-Pan Cadherin (Abcam), and rabbit anti-GFP Alexa Fluor 488 (MolecularInc.
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secondary antibodies from Jackson ImmunoResearch Laboratories, Inc. The
primary antibodies used for IP and western blot were rat anti-mWnt3a
(R&D), goat anti-mWnt5A (R&D), goat anti-hvps35 (Imgenex), rabbit anti-V5
(Sigma), mouse anti-V5 (Invitrogen), goat anti-b-tubulin (Santa Cruz), mouse
anti-b-Actin (Sigma), mouse anti-HA antibody (Covance), mouse anti-
Na+K+ATPase, a5 (IDSHB), and mouse anti-a-tubulin (Sigma).
Transgenes, dsRNA, and shRNAi Constructs
pAc5.1-ttv-myc and pAc5.1-sotv-V5 were described previously (Han et al.,
2004). pMK-wg and pcDNA3-wg were constructed by cloning the full-length
wg cDNA into pMK33 (Koelle et al., 1991) and pcDNA3 vectors, respectively.
pUAS-wls was constructed by insertion of the full-length wls cDNA (EST clone
GH01813) into pUAST. To generate pAC-Wls-V5, wls cDNA was cloned in
frame with the V5 tag into pAC5.1 V5-His vector. wls-V5 was excised from
pAC-wls-V5 and inserted in pCaSpeR-hs and pUAST to generate hs-wls-V5,
UAS-wls-V5 vectors, respectively. UAS-wls-HA contains a 3XHA tag at the
C-terminal of the wls coding region. UAS-myc-Dvps35 contains N-terminal
6xMyc-tag in frame with the coding region of Dvps35 (CG5625: EST clone
RE65032). pcDNA3-hwls-V5-His was constructed by inserting the human
full-length wls cDNA (IRAT 6183768 from Open Biosystems) into pcDNA3-
V5-His vector. The N-terminal V5-tagged hWls construct pcDNA3-V5-hwls
was made by insertion of V5-tag at AA166 of Wls protein. Full-length hVps35
cDNA (IRAT 30340379 from Open Biosystems) was inserted into pCS2-MT
vector to generate pCS2-Myc-hVps35.
UAS-Drab5 RNAi was made by insertion of 500 bp from the coding region of
the DRab5 cDNA into pWIZ vector (Lee and Carthew, 2003) and is functional
(Figure S10). UAS-DVps26 RNAi line was obtained from the Vienna Drosophila
RNAi center. UAS-Dvps35 RNAi constructs were made by insertion of Ri-2 or
Ri-3 fragments (used for RNAi experiments in S2 cells) into pWIZ vector. The
dsRNAs for Drosophila cells were generated from Dvps35 30UTR (Ri-1) and
coding (Ri-2 and Ri-3) regions using the MEGAscript In Vitro Transcription
Kit from Ambion according to the protocol as described (http://flyrnai.org/
all_protocols.html).
The Ri-1 dsRNA was generated using the primers 50-TAATACGACTCACTAT
AGGGAGAcaatgactcgtcgctggaggtc-30 and 50-TAATACGACTCACTATAGGG
AGAtcgctgacgagttttgattcactg-30.
The Ri-2 dsRNA was generated using the primers 50-TAATACGACTCACTAT
AGGGAGAgacttctacaacaacgccttgacc-30 and 50-TAATACGACTCACTATAGG
GAGAtggacatgatgagcgttatggctg-30.
The Ri-3 dsRNA was generated using primers 50-TAATACGACTCACTATA
GGGAGAgagctgtacctcagcgagaaaatcg-30 and 50TAATACGACTCACTATAGG
GAGActtgccacttcgctggttatagg-30.
The control (LacZ) dsRNA was generated from lacZ cDNA using the primers
50-TAATACGACTCACTATAGGGAGAgcataaaccgactacacaaatcag-30 and
50-TAATACGACTCACTATAGGGAGAggcttcatccaccacatacag-30.
All the shRNA vectors for vertebrate cells were generated using the lentivec-
tor pSIH-H1 shRNA from System Biosciences. The control shRNA vector was
pSIH1-H1-copGFP Luciferase shRNA vector. Among the four vps35 shRNA
constructs, two of them (vps35-1 shRNA and vps35-2 shRNA) effectively
knocked down mouse and human Vps35 levels. For transfection experiments,
we used a mixture of equal amount of both constructs. The target sequences
for hVps35 shRNA vectors were as follows:
vps35-1 shRNA, 50TCAGAGGATGTTGTATCTTTACAAGTCTC-30; vps35-2
shRNA, 50-GCTTCACACTGCCACCTTTGGTATTTGCA-30.
Cell Culture, Transfection, Coimmnoprecipitation,
and Western Blotting
Drosophila S2 cells were maintained at 25C in HyQ SFX-INSECT cell culture
medium (Hyclone SH30278.01). Drosophila S2R+ was maintained at 25C in
Schneider’s medium (GIBCO) supplemented with 10% fetal bovine serum
(GIBCO). TheDrosophilaS2R+ pMK-Wg cell line was established by transfect-
ing pMK33-Wg inDrosophilaS2R+ cell and selected with hygromycin. This cell
line is maintained in Schneider’s medium with 65 mg/ml hygromycin.
Human HeLa, HEK293T, and mouse L cell lines were maintained in Dulbec-
co’s MEM (DMEM, GIBCO) supplemented with 10% FBS. Mouse L cell line
stably transfected with hWls (L-hWls) was established by transfecting
pcDNA3-hwls-V5-His in L cell and propagated from a single stable cloneDevselected by Geneticin (GIBCO). Mouse L cell lines stably transfected with
Wnt3a, Wnt5a were established by the R. Nusse lab (Willert et al., 2003) and
obtained from ATCC.
For coimmunoprecipation experiments, Drosophila S2 cells were trans-
fected in 60 mm dishes with 2 mg total DNA, using Effectene (QIAGEN). For
the induction of Myc-Dvps35 cloned in pUAST vector, 0.4 mg pArmadilloGal4
was cotransfected. HEK293T cells were transfected with 4 mg corresponding
expression vectors by Polyfect transfection reagent (QIAGEN). Two days after
transfection, Co-IP and western blot experiments were performed as
described (Belenkaya et al., 2002; Han et al., 2004).
To determine the effects of Vps35 on Wls stability, L-hWls cells were trans-
fected with 4 mg total DNA shRNA vectors in 60 mm dishes. Forty-eight hours
after transfection, cells were trypsinized and sorted to select GFP-positive
cells. The transfected cells (GFP-positive) were cultured for another 3 days.
Cells were harvested, lysed, and immunoprecipitated with rabbit anti-V5.
Immunoprecipitation and western blot experiments were performed as
described (Belenkaya et al., 2002).
Cell Surface Biotinylation Procedure
Cell surface proteins were biotinylated using the Cell Surface Protein Isolation
Kit (Pierce Biotechnology) according to the manufacturer’s instructions. Cells
were washed with ice-cold PBS (pH 7.2) three times and subsequently incu-
bated with 2 ml 0.2 mg/ml Sulfo-NHS-SS-Biotin in PBS for 30 min at 4C.
The reaction was quenched by addition of quenching solution for 5 min. All
cells were lysed in lysis buffer provided in the kit in TBS buffer by sonication
in presence of protease inhibitor cocktail (Roche). Post nuclear supernatant
obtained by centrifugation of the lysate was then added to a neutravidin col-
umn. Post incubation at room temperature for 1 hr and washing three times,
the biotinylated proteins were eluted by addition of SDS-PAGE sample buffer
containing 50 mM DTT. The eluted proteins were subsequently analyzed by
immunoblotting using antibodies to probe for HA epitope.
RNAi and Wg/Wnt Secretion Assays
To examine Dvps35 RNAi on Wg secretion, S2R+pMKWg cells were plated
into 12-well plates at a concentration of 53 105 cells/well in 0.5 ml serum-free
media with 45 mg dsRNA and incubated at 25C for 1 hr, then 0.5 ml serum-
containing medium was added. The remaining procedure was as described
(Bartscherer et al., 2006). Protease inhibitor (1%) (Sigma) was added into the
supernatants to prevent the degradation of Wg. The supernatants were centri-
fuged to remove the cells and debris, concentrated to 50 ml by Amicon Ultra
columns (Millipore). Western blotting was performed as described (Belenkaya
et al., 2002).
For the RNAi experiment in mammalian cells, L-Wnt3A and L-Wnt5A cells
were transfected with 4 mg total DNA shRNA vectors in 60 mm dishes using
Polyfect reagent (QIAGEN) at 70%–80% confluence. Cells were trypsinized
and sorted based on GFP fluorescence signal 48 hr later. Compared with
the control group, the same amount of cells transfected with mixture of
vps35-1 and vps35-2 shRNA vectors (1:1) were collected and seeded in 60
mm dishes in 10% FBS DMEM medium with 600 mg/ml Geneticin. Twelve
hours later, 50 mg/ml heparin was added to remove Wnt proteins from the
cell surface. The medium was then replaced with serum-free DMEM medium
for another 3 days. Twelve hours before collection, 50 mg/ml heparin was
added to help binding of the secreted Wnt. Collection, supernatant concentra-
tion, and western blot analysis procedures were identical to the ones used for
Wg (see above).
Supplemental Data
Supplemental Data include ten figures and are available at http://www.
developmentalcell.com/cgi/content/full/14/1/120/DC1/.
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